The mechanisms of anesthetic-induced unconsciousness remain incompletely understood. A recent study reveals that activation of glutamatergic neurons in the lateral habenula plays a causal role in general anesthesia. We explore the systems neuroscience implications of this finding.
General anesthetics have been in continuous clinical use since the mid -19 th century but the precise mechanisms by which they suppress consciousness remain incompletely understood. In the past decades, there has been substantial progress in identifying molecular targets of anesthetic binding as well as the effects of general anesthetics on brain networks identified through various neuroimaging modalities. One challenge is determining how microscale events translate to large-scale network dysfunction in a way that spares other critical brain functions. In the 1990s, it was suggested that the neural circuits mediating arousal states might be the critical mediator between molecular actions of anesthetics and the therapeutic endpoint of unconsciousness [1] . In the early 2000s, it was found that various anesthetics metabolically activate sleep-promoting regions (such as the ventrolateral preoptic nucleus) while metabolically suppressing arousalpromoting regions (such as the tuberomammillary nucleus) [2] . This line of investigation is situated within the broader systems neuroscience approach to the mechanisms of anesthetic-induced unconsciousness [3, 4] . In contrast to the biophysical investigation of anesthetic mechanism for the greater part of the 20 th century -and even the focus on neurotransmitter receptors and ion channels since the 1980s and 1990s -the systems neuroscience approach demands a circuit-based context for the molecular events. For example, it is tempting to assume that increases of gammaaminobutyric acid (GABA), an inhibitory neurotransmitter, are associated with depressed levels of consciousness.
However, it has been shown that increased GABA in the pontine reticular formation is associated with increased arousal and that the inhibition of GABA in this area of the brainstem is causally related to the induction of anesthesia [5, 6] . In general terms, anesthetics are thought to excite inhibitory circuits or inhibit excitatory circuits, with a resultant depression of consciousness. In an elegant study reported in a recent issue of Current Biology, Gelegen and colleagues demonstrate that the excitation of an excitatory node in a subcortical network is causally linked to the mechanisms of propofol-induced sedation and unconsciousness [7] . The investigation of Gelegen and colleagues stems from published clues that had been seemingly dormant in the literature for a decade. Previous studies in mice had demonstrated that hypnotic doses of barbiturates, ethanol, chloral hydrate, or ketamine induce c-Fos expression, a marker of antecedent depolarization, in neurons within the lateral habenula [8, 9] . In an attempt to understand the consequences of such activation, the recent study explored the networks through which propofol -and presumably other GABAergic general anestheticswork to produce hypnosis. In so doing, they unmask a hitherto unappreciated node in the network, the lateral habenula, which is best known for its roles in directing motivated behavior, positive reinforcement, and reward seeking [10] .
The current study confirms that the administration of a hypnotic dose of the general anesthetic propofol that is sufficient to induce a loss of righting (the behavioral surrogate for loss of consciousness in rodents) also induces c-Fos protein in the lateral habenula. By capitalizing upon the restricted expression of a metabotropic glutamate receptor 2 (Grm2), which is expressed in the lateral but not medial habenula, the investigators gained access to glutamatergic neurons with a tissue-specific Cre recombinase mouse line. They convincingly demonstrated that chronic inhibition of these excitatory neurons in the lateral habenula is associated with a two-fold increase in resistance to intravenously administered propofol, with an ensuing rightward and parallel shift spanning the four tested anesthetic doses. The resistant phenotype is impressive and noteworthy. Although the hypnotic and sedative components of the anesthetic state can be dissociated from one another, activation of lateral habenula Grm2-expressing neurons facilitates both. As the group reports, however, electrophysiologic activation of Grm2-expressing lateral habenular neurons occurs indirectly, presumably via disinhibition. Thus, glutamatergic lateral habenular neurons do not appear to be the primary site of propofol action, but rather an important gear in the mechanistic machinery that culminates in the state of anesthesia. How exactly are glutamatergic neurons in the lateral habenula depolarized by anesthetics and how might their excitation in turn suppress arousal? Connectivity to and from the lateral habenula has been studied [11] and was also explored by Gelegen and colleagues. Inputs to the lateral habenula include regions implicated in modulating anesthetic sensitivity such as glutamatergic afferents from the preoptic area, the lateral hypothalamus, as [12] [13] [14] [15] [16] . GABAergic inputs reach the lateral habenula from the ventral tegmental area and the nucleus accumbens. Additional dopaminergic, serotonergic and adrenergic inputs respectively arise from the ventral tegmental area, the medial raphe nucleus, and the locus coeruleus. However, the precise neurons that are presumptively inhibited by propofol to disinhibit glutamatergic lateral habenular neurons (and, consequently, propofol's proximate cause of sedation and hypnosis) remain unknown.
This caveat aside, Gelegen and colleagues' findings are striking for another reason. For centuries, sleep was deemed to be the brain's default state that emerged passively as wakefulness faded. Just over twenty years ago, increased firing of a cluster of neurons in the preoptic area of the anterior hypothalamus was shown to be associated with sleep [17] and, more recently, cause sleep [18, 19] . Lesions that destroyed these preoptic neurons produced partial resistance to sleep, i.e., insomnia. Analogously, Gelegen's findings suggest another paradigm shift for anesthetic action might be at hand. The increased firing of glutamatergic neurons in the lateral habenula produced by a variety of anesthetic drugs, together with the partial resistance to both anesthetic-induced sedation and anesthetic-induced hypnosis that occurs when enhanced activity in these neurons is blocked, strongly argue that anesthetic sedation and hypnosis could also be actively generated by the brain rather than passively arising with a global impairment of brain function. In support of this, and in parallel to investigations in sleep, it is known that the commonly used anesthetic isoflurane can directly depolarize and activate sleep-promoting neurons in the ventrolateral preoptic nucleus [20] .
On the network level, the work of Gelegen and colleagues reminds us of the complex web of neural events that culminate in the maintenance of arousal. As a corollary, general anesthesia likely cannot be trivially reduced to isolated molecular events that enhance inhibition or inhibit excitation to cause global impairment of brain function. The study highlights the complex cascade of events that may include counterintuitive processes in discrete links of the circuit, such as those that excite excitatory neurons. The study also prompts further investigation of the role of the lateral habenula in anesthetized states induced by other drugs. For example, the noncanonical anesthetic ketamine activates the lateral habenula but -unlike GABAergic anesthetics -suppresses the ventrolateral preoptic nucleus and activates other arousal-promoting nuclei in the brainstem and diencephalon. It is thus unclear if the consistent activation of the lateral habenula occurs via distinct network mechanisms or whether the excitation of these excitatory neurons represents a drug-invariant process that is causally related to the anesthetized state.
In conclusion, the work of Gelegen and colleagues identifies the causal role of the lateral habenula in propofol-induced sedation and hypnosis. More broadly, however, it emphasizes the complex systems neuroscience that contributes to arousal mechanisms and their interruption by general anesthetics.
